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HIGH ANGLE OF INCIDENCE IMPLICATIONS UPON A I R  INTAKE DESIGN AND LOCATION FOR 
SUPERSONIC CRUISE AIRCRAFT AND HIGHLY MANEUVERABLE TRANSONIC AIRCRAFT 

Leroy L .  Presley 
Ames Research Center, M o f f e t t  F ie ld ,  C a l i f o r n i a  94035, U.S.A. 

SUMMARY 

i n l e t  performance a t  four  d i f f e r e n t  loca t ions  about a hypothet ical  forebody have been obtained. 
r e s u l t s  demonstrate the  power o f  the  computational method t o  p r e d i c t  optimum i n l e t  l oca t i on ,  o r i en ta t i on ,  
and centerbody cont ro l  schedule f o r  design and o f f -des ign  performance. 

shock i n l e t  a t  t ransonic speeds have been studied. The data show t h a t  proper i n teg ra t i on  o f  i n l e t  
l oca t i on  and a forward canard can enhance the angle-of-at tack performance o f  a normal shock i n l e t .  

t ransonic speeds a re  discussed. 

NOMENCLATURE 

Computational r e s u l t s  which show the  e f f e c t s  o f  angle o f  a t tack  on supersonic mixed-compression 
These 

The e f f e c t s  of i n l e t  l o c a t i o n  and a forward canard on the  angle-of-at tack performance o f  a normal 

Two lower l i p  treatments f o r  improving the  angle-of-at tack performance o f  rec tangu lar  i n l e t s  a t  
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r component o f  v e l o c i t y  Subscripts : 
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hor izon ta l  coordinate f forebody 

v e r t i c a l  coordinate i ind ices  f o r  5 spacing o f  po in ts  

1 ongi t u d i  nal coordinate j ind ices  f o r  I$ spacing o f  po in ts  

l ong i tud ina l  coordinate normalized by rc T centerbody t i p  

AT centerbody t r a n s l a t i o n  ( p o s i t i v e  forward) ORIGINAL PAIC;E Ls 
6 canard d e f l e c t i o n  angle m free-stream cond i t ions  OF POOR Qu&m 

t stagnat ion cond i t ions  

1 .  INTRODUCTION 

For most a i r c r a f t  the  propuls ion system must be designed t o  maximize the  net t h r u s t  when i n s t a l l e d  
on the  vehic le.  This o f t e n  requ i res  t h a t  a compromise between drag, pressure recovery, and mass-flow 
captur ing c a p a b i l i t y  be made f o r  t he  desired f l i g h t  envelope o f  t he  a i r c r a f t .  
and speed, as we l l  as many o ther  fac to rs ,  must be considered fo r  complete design o f  the  propuls ion system. 
This paper w i l l  address on ly  the  quest ion o f  changes i n  angle o f  a t tack  on i n l e t  l oca t i on  and design. Two 
completely d i f f e r e n t  types o f  a i r c r a f t  w i l l  be considered: a supersonic c ru i se  a i r c r a f t  and a h igh l y  
maneuverable, t ransonic a i r c r a f t .  

angle o f  a t tack  wh i l e  a t  c ru i se  condi t ions.  
condi t ions w i t h  some small margin allowed f o r  excursions i n  a i rp lane  a t t i t u d e .  
i n l e t  i s  placed i n  a l oca t i on  t o  minimize upstream f l o w - f i e l d  per tu rba t ions  due t o  changes i n  a i rp lane  
a t t i t ude .  Precise l oca t i on  o f  the  i n l e t  i s  usua l l y  determined by empi r i ca l  design r u l e s  o r  wind tunnel 
tes t ing .  
p rov id ing  the  designer w i t h  the c a p a b i l i t y  o f  determining the e f f e c t s  o f  angle o f  a t tack  on i n l e t  l oca t i on  
and o r i e n t a t i o n  and o f  determining the  performance o f  a l i m i t e d  c lass o f  i n l e t s  (axisynunetric mixed- 
compression i n l e t s )  i n  three-dimensional f low f i e l d s .  To demonstrate t h i s  capab i l i t y ,  numerical so lu t ions  
have been obtained f o r  an e l l i p s o i d a l  body a t  M =  2.65 and a t  several angles o f  at tack.  
then obtained a t  f ou r  d i f f e r e n t  f l o w - f i e l d  loca t ions  and compared w i t h  uni form f l o w - f i e l d  so lu t ions .  
r e s u l t s  show computational p red ic t ions  o f  the e f f e c t s  o f  angle o f  a t tack  on i n l e t  l o c a t i o n  f o r  t h i s  
i dea l i zed  geometry. This p a r t i c u l a r  con f igu ra t i on  demonstrates both the e f f e c t s  o f  fuselage sh ie ld ing  and 
the  h igh l y  nonuniform f low around the sides o f  t h e  a i r c r a f t .  

Changes i n  a i r c r a f t  a t t i t u d e  

Supersonic c ru ise  a i r c r a f t  are, f o r  t he  most par t ,  no t  designed t o  accommodate l a rge  excursions i n  

More o f t e n  than not, the  

However, recent developments i n  computatiotial methods (see Refs. 1, 2 )  are, f o r  the f i r s t  time, 

The propuls ion system i s  opt imized f o r  p a r t i c u l a r  design 

I n l e t  so lu t ions  are 
The 
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H igh ly  maneuverable, t ransonic a i r c r a f t ,  on the o ther  hand, a re  requ i red  t o  a c c o m d a t e  l a rge  
excursions i n  a i rp lane a t t i t ude .  I n l e t s  f o r  such a i r c r a f t  a re  requ i red  t o  e i t h e r  operate s a t i s f a c t o r i l y  
over a l a rge r  change i n  a i r c r a f t  a t t i t ude ,  o r  t o  be loca ted  such t h a t  a i r c r a f t  components successful ly 
sh ie ld  the i n l e t  from incidence changes due t o  excursions i n  a i r c r a f t  a t t i t u d e .  A t  the same time, these 
i n l e t s  must no t  de t rac t  from the ne t  t h r u s t  product ion o f  the propuls ion system over the  complete f l i g h t  
envelope o f  the a i r c r a f t .  For a i r c r a f t  t h a t  are requ i red  t o  have some supersonic capab i l i t y ,  the  l a t t e r  
requirement usua l ly  d i c ta tes  t h a t  the  i n l e t s  have ra the r  sharp l i p s ,  which i n  t u r n  are de le te r ious  t o  t h e i r  
performance a t  h igh angles o f  a t tack .  

Although some progress, which w i l l  be discussed, i s  being made, adequate computational codes fo r  
so l v ing  complex three-dimensional f lows a t  t ransonic speeds are  no t  ava i lab le .  Designers fo r  the most 
pa r t ,  must r e l y  on empir ical  data from previous wind-tunnel t es ts  o r  conduct new, and o f ten  very cos t ly ,  
wind-tunnel tes ts .  Some gu ide l ines  do e x i s t  t h a t  are the r e s u l t  o f  parametric studies of the  f low about 
var ious veh ic le  shapes, the most complete being the  USAF/FDL Tailor-Mate studies (Ref. 3). These guide- 
l i n e s  a re  no t  s u f f i c i e n t l y  complete t o  cover a l l  possible conf igurat ions,  and the  designer must s t i l l  
r e s o r t  t o  wind-tunnel tests o f  h i s  p a r t i c u l a r  con f igura t ion .  

The data presented i n  t h i s  paper w i l l  no t  completely remedy t h i s  s i t ua t i on .  
funded wind-tunnel t e s t  (Ref. 4) w i l l  be presented t o  show the  e f fec ts  o f  angle o f  a t tack  and o f  a forward 
canard on the l oca t i on  and performance o f  normal shock i n l e t s .  
l i n e s  developed from Ref. 3 t o  a s l i g h t l y  d i f f e r e n t  forebody shape, t o  d i f f e r e n t  i n l e t  shapes, and t o  the  
e f f e c t s  o f  a canard. 

2. SUPERSONIC CRUISE AIRCRAFT 

Some data from a NASA- 

The data are useful  t o  extend the guide- 

An ana ly t i ca l  study showing the  e f f e c t s  o f  angle o f  incidence on i n l e t  l oca t i on  f o r  a hypothet ical  

a i r c r a f t  w i l l  be discussed f i r s t .  The ana ly t i ca l  methods f o r  computing the  forebody flow, the  i n l e t  f low, 
and the  method f o r  i n te rac t i ng  these two computations w i l l  be discussed next, fo l lowed by a presentat ion 
o f  the  computational resu l t s  and the  !mpl icat ions f o r  supersonic c ru ise  a i r c r a f t  design. 

2.1 Hypothet ical  A i r c r a f t  Conf igura t ion  

t i o n  was chosen t h a t  would be somewhat s i m i l a r  t o  c ru i se  a i r c r a f t  and y e t  be eas i l y  amenable t o  analysis 
by the e x i s t i n g  methods. 
3) w i t h  a tangent-ogive planform ( length  t o  w id th  r a t i o  = 3.5), as shown i n  F ig .  1. 
loca t ions  were chosen which serve t o  i l l u s t r a t e  the  basic problems encountered i n  i n l e t  placement. 

A mixed compression axisymnetr ic i n l e t  was chosen, s ince the  i n t e r n a l  f low code i s  l i m i t e d  t o  t h a t  
con f igura t ion .  
as being t yp i ca l  o f  app l i ca t i on  t o  supersocic c ru ise  a i r c r a f t .  As i nd i ca ted  i n  Fig.  2, t h e  minimum area 
o f  the i n l e t  remains a t  a near ly  constant Z as the centerbody i s  t rans la ted  forward by AZ. 
coordinates o f  the  i n l e t  contours a re  given i n  Table 1. For most o f  t h i s  study, the a x i s  o f  symmetry of 
t he  i n l e t  was maintained p a r a l l e l  t o  the  ax i s  o f  symnetry o f  the fuselage. 

' supersonic c ru ise  a i r c r a f t  w i l l  be discussed i n  t h i s  section. The geometry o f  the hypothet ical  c ru ise  

Rather than se lec t ing  f o r  i nves t i ga t i on  an e x i s t i n g  a i r c r a f t  conf igurat ion,  a general ized configura- 

The basic fuselage has an e l l i p t i c a l  cross sec t i on  (major t o  minor ax i s  r a t i o  of 
Four d i f f e r e n t  i n l e t  

A wel l  known and researched M=2.65- in le t  con f igura t ion  (see Ref.'5 and Fig.  2) was chosen 

Nondimensional 
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2.2 Ana ly t i ca l  Method 

The ana ly t i ca l  method used i n  t h i s  paper cons is ts  o f  th ree  main components: 
computing the  supersonic f low about a fuselage of  a r b i t r a r y  cross sec t i on  a t  angle of at tack,  t he  Kut le r  
code; (2) a technique f o r  computing the  supersonic f low i n  a mixed compression, axisymnetr ic i n l e t  w i t h  
nonuniform upstream flow; and (3) a method t o  couple these two techniques so t h a t  a combined s o l u t i o n  can 
be obtained. 

technique described i n  Ref. 1. 
nique and d e t a i l s  re levant  t o  each technique a re  given below. 

2.3 Shock-Capturing Technique 

motion, w r i t t e n  i n  conservative form, between the  body and some outer  computational boundary. The equations 
o f  motion are  w r i t t e n  i n  the fo l l ow ing  form: 

(1 )  a technique f o r  

The two f low computation techniques have a c o m n  basis,  the f i n i t e -d i f f e rence ,  shock-capturing 
A b r i e f  desc r ip t i on  o f  the general fea tures  o f  the  shock-capturing tech- 

The f i n i t e -d i f f e rence ,  shock-capturing technique described here cons is ts  o f  so l v ing  the  equations o f  

E Z + F  + G  + H = O  
r $  

The terms E, F, G, and H a re  vector components def ined as: 

A complete se t  o f  equations i s  obtained by employing the  energy equation i n  the fo l l ow ing  form: 

P = P(1 - s2) 
where 

The so lu t i on  o f  these equations throughout a supersonic f low f i e l d  proceeds from a plane wherein a l l  
the  f l o w  proper t ies  a re  known t o  a subsequent downstream plane. Spacing between the  planes i s  con t ro l l ed  
by the  minimum domain o f  inf luence, t h a t  i s ,  s igna l  propagation along Mach l i nes ,  o f  a l l  o f  t he  po in ts  i n  
the  known plane. 
one, can be used i n  some cases t o  improve accuracy. 

d i f f e rence  a lgor i thm (Ref. 1 )  was used t o  ob ta in  t h e  conservat ive var iab les  a t  each p o i n t  i n  the downstream 
plane. 

Spacing between the  planes o r  step s i ze  l ess  than the  above, Courant number l ess  than 

I n  the  shock-capturing so lu t ions  presented i n  t h i s  paper, MacCormack’s second-order accurate f i n i t e -  

This a lgor i thm i s  a two-step process using f i r s t  the  fo l l ow ing  p red ic to r  equat ion - 
En+l i j - - n - A2 (Fi+l,j n - ~ 7 ~ )  - E (G;,~+~ - G C ~ )  - A Z H ~ ~  

and subsequently, the fo l l ow ing  cor rec tor  equation: 

A f t e r  each step, the  conservative var iables must be decoded t o  f i n d  the  physical  var iab les  a t  each po in t .  
Barred superscr ip ts  denote pred ic ted  values. 

the  i nne r  computational boundary. A f te r  t he  flow i s  p red ic ted  a t  the  body, t h e  v e l o c i t y  vector w i l l  no t  
necessar i ly  s a t i s f y  the surface tangency cond i t ion .  A s m l l ,  l oca l  Prandtl-Meyer tu rn ing  i s  imposed t o  
s a t i s f y  the  tangency condi t ion,  and the pred ic ted  f l ow  var iab les  are  adjusted accordingly.  A d i r e c t  
consequence o f  t h i s  approach i s  t h a t  the body surface becomes a constant entropy surface, even across 
d i scon t inu i t i es  i n  surface curvature o r  shock wave r e f l e c t i o n s .  The method does, however, g i ve  an 
accurate i n d i c a t i o n  o f  surface pressures when compared t o  more accurate ca lcu la t ions ,  o r  experimental data 
(see Ref. 2). 

discussed i n  the fo l l ow ing  paragraphs. 

2.3.1 Forebody Solut ions 

a d i sc re te  shock wave i n  the  so lu t i on .  
Huguniot equations a t  each computational p o i n t  on the shock wave. 
w i t h i n  the  so lu t i on  are captured by the  numerical technique and d i f f used  over several streariwise mesh 
points.  
cannot be considered. For de ta i l ed  in fo rmat ion  o f  the forebody technique, t he  reader should , refer t o  
Ref. 1. 

Further, both techniques use a c o m n  method f o r  determining the  flow along the  body surface which i s  

The two techniques d i f f e r  i n  t h e i r  t reatment o f  the  ou te r  boundary condi t ions.  This d i f f e rence  i s  

The outer computational boundary f o r  the  forebody code i s  t he  bow shock wave, which i s  maintained as 
Conditions a t  the shock wave are  found by so l v ing  the  Rankine- 

Presently, t he  forebody code i s  l i m i t e d  t o  f lows a t  angle o f  at tack,  t h a t  i s ,  yaw o r  s i d e s l i p  

A l l  o ther  shock waves t h a t  a re  generated 

ORIGINAL PAGE IS 
OF POOR QUALITY 
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2.3.2 I n l e t  Solut ions 

The ou ter  computational boundary f o r  t he  i n l e t  code i s  an a r b i t r a r y  conical  surface t h a t  i s  s ized t o  
conta in  the  conical  shock from the  centerbody t i p .  Flow proper t ies  a t  t h i s  computational boundary must be 
known, e i t h e r  i npu t  as uni form f low or, as w i l l  be described l a t e r ,  obtained from another computational 
technique, such as a forebody f l ow- f i e ld  solver. 
a l l  o ther  shock waves are  captured by the  numerical technique and d i f f used  over several streanwise mesh 
po i  n t s  . 

o f  f lows wherein the i n i t i a l  f low i s  nonuniform, some discussion o f  these modif icat ions i s  appropriate. As 
shown i n  Fig.  3(a), t he  computation o f  t he  i n l e t  f l ow  i s  d iv ided i n t o  three domains: 
f low, and i n t e r n a l  flow. 

A small region o f  conical  f low i s  computed a t  the centerbody t i p  i n  order t o  ob ta in  a s t a r t i n g  
so lu t ion .  This i s ,  o f  course, an approximation s ince conical  f low does no t  e x i s t  f o r  f lows w i t h  nonuniform 
upstream condi t ions.  
mation should a lso  be small. 
p roper t ies  from the forebody f low f i e l d  a t  coordinates o f  the  centerbody t i p  a re  used f o r  the free-stream 
condi t ions.  
a t tack"  f o r  t he  cone f low so lu t ion .  Fur ther  d e t a i l s  o f  the  con ica l  f low so lu t i on  are presented i n  Ref. 2. 

Computation o f  the f low i n  the  external  f l ow  domain requ i red  the  m a j o r i t y  o f  the mod i f i ca t ions  from 
the  uni form case. 
t h a t  the f low completely around the i n l e t  be ca lcu la ted  using an indexing scheme as shown i n  Fig. 3(b).  
Secondly, the  nonuniform f low on the  ou te r  computational boundary must be i n p u t  from another so lu t ion ,  i n  
t h i s  case the forebody so lu t ion .  A t  every po in t  on the  ou ter  computational boundary, the  nonuniform 
upstream f l ow  i s  required; t he  method f o r  ob ta in ing  t h i s  f l ow  w i l l  be described l a t e r .  

around the  i n l e t ,  were required. 

2.4 Coupling Technique 

Coupling o f  two supersonic so lu t ions  together i s  the  eas ies t  c lass  o f  problem f o r  two i n t e r a c t i n g  
flows. Since there a re  no upstream propagating disturbances, no i t e r a t i o n  i s  needed, and coupl ing i s  
reduced t o  determining t h e  upstream boundary condi t ions f o r  subsequent downstream so lu t ions .  

I n  t h i s  so lu t ion ,  t he  centerbody conical  shock wave and 

Since several mod i f i ca t ions  t o  the  i n l e t  code described i n  Ref. 2 have been made t o  a l low so lu t i on  

conical  flow, ex te rna l  

However, i f  t h i s  reg ion  i s  kept s u f f i c i e n t l y  small, then the e f f e c t  o f  t h i s  approxi- 
For i n l e t  solut ions,  i n  a nonuniform f low f i e l d ,  as described here, the  f low 

The three-dimensional v e l o c i t y  vector a t  t h a t  p o i n t  i s  resolved i n t o  a simple "angle of 

F i r s t ,  i n  nonuniform f low an ax i s  o f  symnetry does no t  necessar i ly  e x i s t .  This requires 

No changes t o  the  computation o f  t h e  i n t e r n a l  flow, o ther  than the  p rov i s ion  t o  compute completely 

I n  t h i s  case, output from the forebody code i s  i n  the  form o f  the  f l ow  propert ies,  p, p ,  u, v, and w 

A por t i on  o f  the t o t a l  forebody s o l u t i o n  t h a t  was adequate t o  bound the  e n t i r e  i n l e t  so lu t i on  

a t  each p o i n t  i n  the  forebody c y l i n d r i c a l  coordinate system Zf, rf, and $f. 
va r iab le  r a d i i  between the  body and the  shock wave a t  constant azimuthal angles, @f  w i t h i n  a plane of 
constant Z. 
was saved on a permanent f i l e  w i t h i n  the  computer. Essent ia l l y ,  data a re  saved over a rad ius  i n t e r v a l  
equal t o  tw ice  the  i n l e t  diameter a t  azimuthal angles t h a t  bound tw ice  the  included angle o f  the i n l e t  
diameter and Z planes from t h e  most forward p o s i t i o n  o f  the  centerbody t i p  t o . j u s t  a f t  o f  the cow l - l i p  
s ta t ion ,  as shown i n  Fig.  4. 

Two d i f f e r e n t  k inds o f  in fo rmat ion  can be obtained from the  computational data s to red  i n  the p i e  
shaped volume shown i n  Fig.  4 .  F i r s t ,  data can be obtained i n  any plane w i t h i n  the  volume f o r  d e f i n i t i o n  
o f  the f low propert ies w i t h i n  t h a t  plane. ( I f  experimental data a re  ava i l ab le  i n  the  plane, d i r e c t  
comparison w i t h  t h a t  data can be made.) Secondly, computational data a re  obtained along the  ou ter  compu- 
t a t i o n a l  boundary f o r  the i n l e t  so lu t ion .  Droop and toe - in  o f  the  i n l e t  ax i s  r e l a t i v e  t o  the fuselage 
ax is ,  o r  s i m i l a r l y  the  o r i e n t a t i o n  o f  any plane, can be accounted f o r  by proper t ransformat ion.  The f i r s t  
step i n  ob ta in ing  the  desired in fo rmat ion  from the  forebody data f i l e  i s  t o  transform the  coordinates of a 
known po in t  i n  the  i n l e t  geometry o r  some known plane t o  the  forebody coordinate representat ion.  Forebody 
f low proper t ies  a t  those po in ts  a re  obtained from the  data f i l e  using a three-dimensional l i n e a r  i n te rpo la -  
t i o n  scheme. 
o f  t he  known plane. 

t i p  and whose Z ax is  i s  co inc ident  w i t h  the  cen te r l i ne  o f  the i n l e t .  
boundary are transformed t o  the  c y l i n d r i c a l  coordinate system o f  t h e  forebody so lu t i on  and f low proper t ies  
a t  those po in ts  a re  obtained by the  i n t e r p o l a t i o n  scheme described above. The v e l o c i t i e s  o f  the forebody 
s o l u t i o n  are  then transformed t o  the i n l e t  coordinate system and entered i n t o  the  i n l e t  s o l u t i o n  as known 
proper t ies  along the  ou ter  computational boundary (see Fig. 3). 

2.5 Results and Discussion 

(1) t he  na ture  o f  the flow 
i n  the  i n l e t  a t  M=2.65 and a =  0 when i t  i s  i s o l a t e d  from the  forebody; (2 )  t he  e f f e c t  o f  p lac ing  the same 
i n l e t  a t  f ou r  d i f f e r e n t  loca t ions  i n  the  forebody f l ow  f i e l d  w i t h  the  forebody a t  M=2.65 and a=O,  and 
(3) the e f f e c t  o f  forebody angle of a t tack  on the i n l e t  f l o w  a t  the  fou r  d i f f e r e n t  loca t ions .  

The pressure d i s t r i b u t i o n  f o r  the i so la ted  i n l e t  a t  M =  2.65 and (Y = 0 i s  shown i n  Fig. 5. These i n l e t  
contours have been designed t o  produce a near ly  i sen t rop i c  i n t e r n a l  f low w i t h  e f f e c t i v e l y  no i n t e r n a l  shock 
waves. The Z coordinate i s  measured from the centerbody t i p  and has been normalized by the  rad ius  o f  cowl. 
For these ca lcu la t ions ,  a complete so lu t ion ,  def ined as one w i t h  supersonic f l ow  throughout the i n l e t ,  was 
obtained w i t h  the cowl i n  the  design pos i t i on ,  Ta = 2.325, which corresponds t o  a centerbody t r a n s l a t i o n  
AZ = 0. 

The output data a re  fo r  

Flow v e l o c i t i e s  from the forebody s o l u t i o n  are then transformed t o  the coordinates system 

A l l  i n l e t  so lu t ions  a re  obtained i n  a c y l i n d r i c a l  coordinate system whose o r i g i n  i s  t he  centerbody 
Points on the  ou te r  computational 

The r e s u l t s  presented here have been chosen t o  demonstrate th ree  po in ts :  

Complex three-dimensional f lows a r e  no t  e a s i l y  amenable t o  s imple graphical  descr ip t ion .  Va r ia t i on  
of the f low i n t o  an i so la ted  axisymnetr ic i n l e t  a t  angle o f  a t tack  can be bounded by t h e  f l o w  along the  

ORIGTNAL PffiE IS 
OF POOR Q U m  
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windward, g = O " ,  and leeward, g=180', meridians. Once the  i n l e t  i s  imnersed i n  a nonuniform upstream 
flow, no such convenient ax is  o f  symmetry ex i s t s .  An a p r i o r i  s p e c i f i c a t i o n  o f  the meridians where the  
maximum and minimum pressure d i s t r i b u t i o n s  w i l l  e x i s t  i s  no t  possible and, f o r  t he  most par t ,  computational 
r e s u l t s  must be i n te rp re ted  with t h e  a i d  of computer graphics. 
reasons t o  be discussed l a t e r ,  pressure d i s t r i b u t i o n s  w i l l  be shown on the  two meridians t h a t  near ly  bound 
the  pressure d i s t r i b u t i o n s  i n  t h e  i n l e t .  

The pressure d i s t r i b u t i o n s  i n  the  i n l e t s  f o r  loca t ions  1, 2, and 3 (see Fig. 1 )  a r e  shown i n  Figs. 
6 through 8, respec t ive ly ,  f o r  a forebody angle of at tack  o f  zero. 
t ions,  the  l oca l  mach number, e f f e c t i v e  angle o f  a t tack ,  and meridonal angle @T o f  the  p ro jec t i on  o f  the  
t o t a l  v e l o c i t y  vec tor  onto a plane normal t o  the  fuselage Z ax i s  a t  t he  centerbody t i p  a re  noted on the  
f igures .  
on the  f i gu res )  i s  t h a t  ,the centerbody has been t rans la ted  forward t o  ma in ta in  supersonic f low i n  the i n l e t  
a t  t he  s l i g h t l y  d i f f e r e n t  Mach numbers and angles o f  at tack.  Results f o r  l oca t i on  1 a re  given a t  $ = O "  
and 180" w h i l e  r e s u l t s  f o r  l coa t ions  2 and 3 are given for 6.90" and 270". This i s  done t o  correspond t o  
the windward and leeward meridians o f  the  e f f e c t i v e  angle o f  at tack.  I n  a l l  cases, i t  i s  noted t h a t  the  
i n t e r n a l  pressures, and hence the peak a t ta inab le  pressure recovery, a re  reduced due t o  t r a n s l a t i n g  the 
centerbody forward. T i l t i n g  t h e  i n l e t  ax is  by the  e f f e c t i v e  angle o f  a t t a c k  would reduce the  requ i red  
centerbody t r a n s l a t i o n  and hence r e s u l t  i n  higher pressure recovery. Resul ts a re  no t  shown f o r  l oca t i on  4 
because they are i d e n t i c a l  t o  those f o r  l oca t i on  1, except t h a t  they a r e  a l l  r o ta ted  through 180". 
t h a t  l o c a t i o n  1 appears t o  be t h e  best pos i t ion ,  as might be expected. O f  the  two s ide  loca t ions ,  the 
second appears t o  be t h e  b e t t e r  a t  t h i s  angle o f  a t tack .  However, as w i l l  be seen below when angle o f  
a t tack  e f f e c t s  are discussed, t h i s  w i l l  no t  be the  case. 

d ramat ica l l y ,  as shown i n  Figs. 9-12. 
o f  a t tack  a t  the  centerbody t i p  was obtained w i t h  the i n l e t  i n  l o c a t i o n  1, as a lso  obtained exoer imental ly 
i n  Ref. 3. 
t o  ma in ta in  supersonic flow. 
contours o f  the i n l e t  t o  r e f l e c t  a lower design Mach number. 

A t  l o c a t i o n  2, the  basic forebody f low produces a l a rge  e f f e c t i v e  angle o f  a t tack  o f  11.3" a t  the  
centerbody t i p .  
than one i n  t h i s  l oca t i on .  This i s  due i n  p a r t  t o  the  rap id  expansion around the s ide  o f  the  body. 
Because mixed-compression axisymmetric i n l e t s  a re  not designed f o r  such la rge  angles o f  a t tack ,  some 
change i n  i n l e t  o r i e n t a t i o n  would be requ i red  f o r  sa t i s fac to ry  i n l e t  opera t ion  a t  t h i s  l oca t i on .  
a complete so lu t ion ,  i t  was requ i red  t o  droop and toe - in  the  i n l e t  ax i s  r e l a t i v e  t o  the  fuselage by 8" and 
4', respec t ive ly .  This reduced the  e f fec t i ve  angle of a t tack  a t  the  centerbody t i p  t o  1.8", as shown i n  
parenthesis i n  Fig. 10. However, even then the  l a rge  f low-property g rad ien ts  upstream o f  t h e  i n l e t  
requ i red  an extensive centerbody t r a n s l a t i o n  t o  ob ta in  a complete so lu t ion .  The v a r i a t i o n  i n  pressure 
d i s t r i b u t i o n s  shown i n  Fig. 10 i s ,  f o r  t h i s  case, due t o  the  l a rge  gradients i n  f low proper t ies  ahead o f  
the  i n l e t .  Due t o  these la rge  gradients,  t h i s  l o c a t i o n  would probably be unsat is fac to ry  f o r  successful 
i n l e t  opera t ion  a t  f l i g h t  cond i t ions  wherein the  forebody would be a t  angle o f  a t tack .  

Both the e f f e c t i v e  angle o f  a t tack  ( c r ~  = 8.9" f o r  no droop o r  t oe - in )  and Mach number a re  reduced 
a t  l o c a t i o n  3. 
so lu t i on  t o  be obtained. 
could probably produce s a t i s f a c t o r y  i n l e t  operation. Again, a s l i g h t l y  lower design Mach number might be 
he lp fu l  i n  producing b e t t e r  i n l e t  performance. 

The forebody f l ow  a t  l oca t i on  4 produced an i n l e t  f l ow  which was very  c lose t o  the  i so la ted  i n l e t  
f low. 
body t r a n s l a t i o n  t o  account fo r  angle-of-at tack e f fec ts .  
on the forebody, good i n l e t  performance a t  angle o f  a t tack  could probably be achieved i n  t h i s  loca t ion .  

A l l  o f  the forebody so lu t ions  were computed u t i l i z i n g  a mesh a t  30 po in ts  i n  the  azimuthal d i r e c t i o n  
( 4  = 0' t o  180') and 11 i n  the r d i r e c t i o n  w i t h  a Courant number o f  0.9. 
about 200 sec of CDC 7600 computing time. 
d i r e c t i o n  (@ = 0' t o  360') and 21 po in ts  i n  the  r d i r e c t i o n  and a Courant number o f  1.0. 
so lu t ions  requ i red  about 15 sec t o  compute and the  nonuniform so lu t ions  requ i red  about 30 sec o f  CDC 7600 
computing time. 

The primary power o f  t h i s  ana ly t i ca l  method, as demonstrated from r e s u l t s  shown above, i s  i t s  
c a p a b i l i t y  t o  determine requ i red  mod i f i ca t ions  t o  i n l e t  design and l o c a t i o n  i n  order t o  achieve optimum 
performance when t h e  i n l e t  i n s t a l l e d  i n  a forebody f low f i e l d .  
opera t ion  on i n l e t  performance can be assessed and pre l im inary  centerbody cont ro l  schedules can be 
establ ished. This should r e s u l t  i n  s i g n i f i c a n t l y  improved designs as w e l l  as reduced design time and 
costs. 
optimum i n l e t  conf igurat ion and loca t ion .  Wind-tunnel t e s t i n g  could then focus on design refinements 
and on es tab l i sh ing  f i n a l  con t ro l  schedules. 

3. TRANSONIC AIRCRAFT 

However, f o r  ease o f  p resenta t ion  and f o r  

I n  add i t i on  t o  the  pressure d i s t r i b u -  

A primary d i f f e rence  f o r  a l l  o f  these so lu t i ons  from the  i s o l a t e d  i n l e t  so lu t i on  (also included 

Note 

When the forebody angle of  a t tack  i s  increased t o  8", t he  forebody f l o w  a t  t he  centerbody t i p  changes 
Optimum angle-of-attack sh ie ld ing  t o  produce a low e f f e c t i v e  anqle 

However, t he  t i p  Mach number i s  low, requ i r i ng  a l a rge  forward t r a n s l a t i o n  o f  the centerbody 
Th is  l a rge  centerbody t r a n s l a t i o n  could be reduced by changing the  i n t e r n a l  

The r a t e  o f  change o f  e f f e c t i v e  angle o f  a t tack  w i t h  forebody angle o f  a t tack  i s  g rea ter  

To ob ta in  

Here a droop o f  6" and a centerbody t r a n s l a t i o n  o f  AZ = 0.6 allowed a complete supersonic 
More careful  alignment of the  i n l e t  w i t h  the  oncoming f l ow  i n  t h i s  l o c a t i o n  

Although the t i p  Mach number i s  above the  design Mach number o f  2.65, i t  reduces the  requ i red  center-  
U n t i l  s i g n i f i c a n t  f low separat ion e f f e c t s  occurred 

Complete forebody so lu t ions  requ i red  
I n l e t  so lu t ions  were obtained u t i l i z i n g  20 po in ts  i n  the  azimuthal 

I so la ted  i n l e t  

Further, the  e f f e c t s  o f  o f f -des ign  a i rp lane 

Reductions i n  cost  would r e s u l t  p r i m a r i l y  from reduct ions i n  wind-tunnel t e s t i n g  t o  develop an 

I n  cont ras t  t o  the  s i t u a t i o n  f o r  supersonic f lows, t he  c a p a b i l i t y  t o  compute complex forebody and 
i n l e t  f lows a t  t ranson ic  speeds does no t  e x i s t  a t  present. However, a b r i e f  review o f  some cu r ren t  work 
t o  develop t h i s  methodology w i l l  be given here. Afterwards, a p resenta t ion  w i l l  be given o f  some recent 
experimental r e s u l t s  which w i l l  i l l u s t r a t e  the  d i f f i c u l t i e s  o f  i n l e t  l o c a t i o n  f o r  opera t ion  o f  t ranson ic  
a i r c r a f t  a t  h igh angles o f  a t tack .  
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3.1 Transonic Computations 

complex supersonic flows. 
discussed i n  t h i s  paper, must await  the development o f  a t  l e a s t  the  next generat ion o f  computers (beyond 
the  CDC STAR o r  the CRAY I ,  f o r  example) as we l l  as add i t iona l  i n s i g h t  i n t o  the  modeling o f  tu rbu len t  
f lows. 
f lows. 
pu te  t ransonic f l ow  about i so la ted  forebodies o f  q u i t e  general cross sec t ion  and i n t o  three-dimensional 
i n l e t s ,  respect ively.  
solve a i r f rame/ in le t  i n t e r a c t i o n  problems o f  simple fo rebody- in le t  conf igurat ions.  

Mechanics, Incorporated. An a l te rna t i ng -d i rec t i on  e x p l i c i t  a lgor i thm i s  used t o  solve the  f u l l  Navier- 
Stokes' equations. E l l i p t i c  terms 
i n  e i t h e r  marching d i rec t i on  are  evaluated from t h e  previous ca lcu la t ion ,  o r  the i n i t i a l  approximation. 
So lu t ion  i n  any given marching d i r e c t i o n  reduces t o  so lv ing  f o r  the  f l o w  i n  a plane which i s  e i t h e r  moving 
alqng the body o r  around t h e  body a t  some uni form ve loc i t y .  Typ ica l l y ,  8 t o  10 po in ts  are included i n  the  
boundary l aye r  w i t h  the  viscous sublayer being resolved w i t h  the  boundary-layer equations. Although a 
so lu t i on  f o r  a body o f  nonc i rcu la r  cross sec t ion  has no t  been obtained t o  date, a so lu t i on  of the flow 
about a tangent-ogive looks very encouraging i n  t h a t  vortex l o c a t i o n  has been accurately predicted. 
p l e t e l y  converged so lu t ions  should be obtainable i n  three marching sweeps with sa t i s fac to ry  engineering 
so lu t ions  being obtainable i n  two sweeps. 
computer t ime. 

Corporation. 
three-dimensional i n l e t s .  
generation techniques. A method, which i s  an extension o f  the  Thompson 2-D mesh generation technique, 
Ref. 6, has been developed f o r  generating three-dimensional meshes f o r  any i n l e t  conf igurat ion,  and meshes 
have been generated f o r  a c i r c u l a r  t ranspor t  type i n l e t  w i t h  e l l i p t i c a l  l i p s  and f o r  a hor izon ta l  ramp 
f i g h t e r  type i n l e t  w i t h  sharp l i p s .  Future e f f o r t  w i l l  concentrate on choosing the  optimum computational 
a lgor i thm (from a time and accuracy standpoint)  and developing the  computational code. 

For engineering purposes, i t  i s  expected t h a t  these codes can be coupled i n  a non i te ra t i ve  mode f o r  
most problems a t  h igh subsonic (M > 0.8) and low supersonic f lows (M < 1.6).  
d i f f e rence  techniques and w i l l  r equ i re  a l a r g e  number o f  mesh po in ts  t o  de f ine  the  flow, la rge  amounts of 
computer t ime w i l l  be requ i red  t o  ob ta in  s a t i s f a c t o r y  so lu t ions .  Coupling the  two so lu t ions  w i l l  r equ i re  
the  development o f  special  b u f f e r  programs i n  the i n t e r a c t i o n  region t o  prevent the  computational t ime 
from becoming t o t a l l y  u n r e a l i s t i c .  

3.2 Experimental Results and Discussion 

base o f  Ref. 3 f o r  supersonic speeds t o  a d i f f e r e n t  con f igura t ion ,  t ransonic speeds, and higher angles of  
at tack,  an e f f o r t  was undertaken a t  Ames Research Center through a cont rac t  w i t h  Rockwell I n te rna t i ona l  
(Ref. 4). (1 )  a kidney-shaped i n l e t  i n  two fuselage 
loca t ions  w i t h  and w i thout  a forward canard, and ( 2 )  a rectangular i n l e t  w i thou t  a forward canard, bu t  w i t h  
several mod i f i ca t ions  t o  improve t h e  h igh  angle-of-at tack performance (e.g., b l u n t  lower l i p s ,  s la t s ,  and 
tu rn ing  vanes). 

3.2.1 

face s ta t ion ,  t he  i n l e t  cou ld  be moved t o  two d i f f e r e n t  loca t ions :  
shoulder loca t ion ,  as shown i n  Fig. 14. 
l i p s  f o r  e f f i c i e n t  supersonic f l i g h t .  
canard, whose de f l ec t i on  angle could be var ied.  

A l l  o f  the  data discussed here were taken a t  a constant Mach number o f  0.9  and a Reynolds number of 
19 x 106/m. 
mass-flow r a t i o  a t  constant Mach number, model a t t i t ude ,  and geometry. D i rec t  comparison of t he  ef fects of 
model a t t i t u d e  and geometry are o f t e n  hard t o  make i n  t h i s  format. 
f l ow  r a t i o  o f  0.8 i n  o rder  t o  remove one var iab le  f o r  ease o f  comparison. I n  some cases, showing i n l e t  
performance a t  a constant mass f l o w  r a t i o  w i l l  no t  show the t o t a l  performance c a p a b i l i t y  o f  a p a r t i c u l a r  
conf igurat ion,  bu t  the conclusions t h a t  w i l l  be drawn from t h i s  presentat ion w i l l  no t  be compromised by 
t h i s  r e s t r i c t i o n ,  

Total  pressure recovery f o r  t he  i n l e t  i n  both posi t ions,  and w i thout  a forward canard, i s  shown i n  
Fig. 15. As can be seen, near ly  i den t i ca l  performance i s  obtained i n  both i n l e t  loca t ions  up t o  an angle 
o f  a t tack  o f  20". Addi t ional  t u f t  studies show l i t t l e  change i n  f low a n g u l a r i t y  a t  the  two loca t ions .  
Wi th in  the  l i m i t a t i o n s  o f  the  geometric va r ia t i ons  w i t h  t h i s  model, there  seems t o  be l i t t l e  e f fec t  of 
angle o f  a t tack  upon i n l e t  loca t ion .  

forward canard, i s  shown i n  Figs. 16 and 17, respec t ive ly .  From Fig. 16 i t  i s  apparent t h a t  t he  
performance a t  t he  i n l e t  i n  the  lower shoulder l o c a t i o n  i s  very s e n s i t i v e  t o  canard d e f l e c t i o n  angle. 
Although there  seems t o  be some f l ow  a l i g n i n g  o r  s t ra igh ten ing  e f f e c t  o f  t he  canard, i n l e t  performance 
seems t o  be more dependent on whether the  canard wake i s  ingested i n t o  the  i n l e t .  

The computation o f  complex t ransonic f lows i s  i n  a much more format ive s t a t e  than the  computation of 
Completely general methods, which can analyze the  complex t ransonic flows 

However, some s i g n i f i c a n t  progress i s  being made toward computation o f  somewhat s impler t ransonic 
Two e f f o r t s ,  cu r ren t l y  under way on cont rac t  t o  Ames Research Center, are being developed t o  com- 

Coupling these two so lu t i on  techniques together w i l l  provide the  capab i l i t y  t o  

The forebody so lu t i on  technique i s  a Navier-Stoke code being developed by Numerical Continuum 

Computation o f  t he  f l ow  proceeds i n  two d i f f e r e n t  marching d i rec t ions .  

Com- 

U l t imate ly ,  each sweep should take about 1 h r  o f  CDC 7000 

The i n l e t  so lu t i on  technique i s  a time-dependent Euler code being developed by the  General Dynamics 
The goal o f  t h i s  e f f o r t  i s  t o  generate a code t h a t  can analyze t ranson ic  flow i n t o  complex 

To date, most o f  t he  e f f o r t  has focused on developing three-dimensional mesh 

Since both methods are f i n i t e  

The l i m i t e d  data base f o r  t ranson ic  a i r c r a f t  design was discussed i n  t h e  in t roduc t ion .  To extend the  

This study inves t iga ted  two d i f f e r e n t  i n l e t  shapes: 

Kidney-Shaped I n l e t s  With and Without a Forward Canard 

The forebody o f  t he  a i r c r a f t  conf igurat ion,  i nc lud ing  the  canard, i s  shown i n  Fig.  13. A t  the  i n l e t  
a high-shoulder l oca t i on  and a low- 

The i n l e t  was a kidney-shaped, nornial-shock i n l e t  having sharp 
The w id th  o f  t h e  i n l e t  face i s  about 1/7 o f  the  half-span of t h e  

Maximum chord o f  the canard was about 0.35 m. 

For subsonic i n l e t  performance, i t  i s  usua l ly  customary t o  show pressure recovery versus 

The data shown here w i l l  be f o r  a mass 

Pressure recovery, as a func t ion  o f  angle o f  a t tack  fo r  the  lower and upper shoulder loca t ions  w i t h  a 
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I n  cont ras t ,  the  canard has a bene f i c ia l  e f f e c t  f o r  the  upper shoulder l o c a t i o n  where, as shown i n  
Fig. 17, t he  pressure recovery i s  improved a t  a l l  angles o f  a t tack  f o r  the canard de f l ec t i on  angles shown. 
Tuft  studies show t h a t  s t ra igh ten ing  o r  a l i gn ing  o f  the  f l ow  i s  e f fec ted  by the  canard a t  t he  upper 
shoulder l o c a t i o n  and there i s  no evidence t h a t  the  canard wake i s  ingested i n t o  the  i n l e t .  
canard i s  p rov id ing  s i m i l a r  bene f i t s  t o  the  fuselage and wing sh ie ld ing  obtained a t  supersonic speeds i n  
Ref. 3 f o r  the  Tailor-Mate conf igurat ions.  
e f fec t i ve  i n  improving the angle o f  a t tack  performance of the  i n l e t .  

A l i m i t e d  i nves t i ga t i on  o f  the  angle of yaw (or  s i d e s l i p )  e f f e c t s  upon i n l e t  performance was 
conducted. 
Data were obtained on ly  f o r  t h e  i n l e t  i n  the  upper shoulder l o c a t i o n  w i t h  a forward canard a t  zero 
de f lec t ion .  
A t  an angle o f  a t tack  o f  12". some, bu t  no t  d ras t i c ,  loss  i n  i n l e t  performance was noted a t  a yaw angle o f  
10" f o r  the  windward i n l e t .  

3.2.2 Rectangular I n l e t  

A rectangular i n l e t  was mounted a t  the midshoulder l oca t i on  on the  fuselage, as shown i n  Fig.  14, bu t  
w i thou t  the  forward canard shown i n  Fig.  13. Various l ower - l i p  mod i f i ca t ions  were the  pr imary geometric 
var iables.  Besides the  two shown i n  Fig. 18, several others were tested: d i f f e r e n t  s l a t  pos i t ions ,  l i p  
bluntness, and a tu rn ing  vane. 

merited. 
no t  optimum. 
than d i d  the  o the r  conf igura t ions  tested, i nc lud ing  the kidney-shaped i n l e t s .  
a t tack  performance was a lso  provided by the  th i ck ,  l o w - l i p  conf igura t ion ,  bu t  t h i s  conf igura t ion  was mass- 
f low l i m i t e d  a t  low angles o f  at tack.  
speeds. A t h i n  lower Tip w i t h  an i n f l a t a b l e  boot might generate a b l u n t  l i p  t o  ob ta in  good high angle-of- 
a t tack  performance and y e t  no t  have l a r g e  supersonic drag. 

4. CONCLUDING REMPRKS 

dimensional supersonic i n l e t  code together has been described. Computational r e s u l t s  f o r  a hypothet ical  
supersonic con f igu ra t i on  have been obtained. These r e s u l t s  show the  e f f e c t s  o f  angle o f  a t tack  on i n l e t  
performance f o r  f ou r  d i f f e r e n t  i n l e t  loca t ions .  
loca t ion ,  o r i en ta t i on ,  and centerbody cont ro l  schedule f o r  optimum design and o f f -des ign  performance i s  
demonstrated by the  computational resu l t s .  

i n t e g r a t i o n  ca lcu la t ions  fo r  complex t ransonic flows has been given. Although much remains t o  be done, 
these techniques w i l l  u l t i m a t e l y  provide the  same c a p a b i l i t y  as we now have f o r  supersonic flows. 
then, systematic experimental studies o f  var ious conf igurat ions must be conducted t o  b u i l d  a data base. 

fo l low ing  r e s u l t s  t o  the  t ranson ic  data base: 

kidney-shaped normal shock i n l e t  f o r  a hypothet ical  h igh l y  maneuverable t ranson ic  a i r c r a f t  has been shown. 
Proper i n t e g r a t i o n  of a forward canard and an i n l e t  has been shown t o  improve the  angle-of-at tack performance 
o f  a normal shock i n l e t  a t  Mm=0.9. 

normal shock i n l e t  were inves t iga ted .  
high angle-of-at tack performance a t  Moo= 0.9, 
o f  a t tack  and would generate la rge  supersonic drag. 
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INLET LOCATIONS 
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Fig. 1 .  Hypothetical supersonic cruise 
configuration. OUTER 

COMPUTATIONAL 
BOUNDARY 

( b )  Indexing scheme f o r  inlet solutions. 

Fig. 3. Concluded. 
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Fig. 4 .  Saved data volume from forebody solution. 

Fig. 2. Supersonic inlet contours and area 
distribution. 

( a )  Domains o f  inlet  solution. 
I 

Fig. 5.  Static pressure distribution, M = 2.65 ,  
Fig. 3. Conceptual details o f  inlet  solution. a = 0 ,  AZ = 0.0. 
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